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ABSTRACT: Changes in the chemical conﬁguration of alloyed nanoparticle
(NP) catalysts induced by adsorbates under working conditions, such as reversal
in core−shell preference, are crucial to understand and design NP functionality.
We extend the cluster expansion method to predict the conﬁgurational
thermodynamics of alloyed NPs with adsorbates based on density functional
theory data. Exempliﬁed with PdRh NPs having O-coverage up to a monolayer,
we fully detail the core−shell behavior across the entire range of NP
composition and O-coverage with quantitative agreement to in situ experimental
data. Optimally ﬁtted cluster interactions in the heterogeneous system are the
key to enable quantitative Monte Carlo simulations and design.
KEYWORDS: Cluster expansion, ﬁrst-principles, nanoalloy, Pd, Rh, O, core−shell nanoparticle
For transition-metal alloyed nanoparticles (NPs) used asheterogeneous catalysts, besides the morphology1−4 and
structural5−7 changes induced by the chemical environment in
which they operate, a third type of change, alloy conﬁguration
or chemical order, can also be altered by adsorbates, such as
their core−shell conﬁgurations.8−11 Recently, in ambient
pressure X-ray photoemission spectroscopy (AP-XPS) experi-
ments, the Pd0.5Rh0.5 NP was observed
8−10 to switch back and
forth between a Rh-rich shell in oxidizing conditions and a Pd-
rich shell in reducing conditions. As many studies have shown,
the enhanced catalytic functionality of nanoalloy catalysts
highly depends on the conﬁgurational thermodynamics, or
distribution of atoms on diﬀerent sites.12−15 Although certain
core−shell conﬁgurations with diﬀerent degree of mixing in
alloyed NPs can be synthesized, the thermodynamic stability of
such conﬁgurations is often an open question. Thus, an
accurate description of the conﬁgurational thermodynamics of
alloyed NPs, especially under chemical working conditions, is
crucial to understand their functionality and stability for the
design of new nanoalloy catalysts.
For alloyed NPs, the exponential number of alloy
conﬁgurations with many diﬀerent types of low-coordinated
sites makes theoretical studies on conﬁgurational thermody-
namic challenging. For example, a bare binary alloyed NP of 55
atoms without adsorbate has 255 (∼1016) possible alloy
conﬁgurations. Monte Carlo16 (MC) simulation to sample
this conﬁgurational space requires millions of energy evaluation
on-the-ﬂy, not possible in a feasible time frame by density
functional theory17,18 (DFT) calculations alone. Here, by
extending the cluster expansion19 (CE) formalism of a
nonexchangeable coupled lattice20 to alloyed NPs with
adsorbates, we treat substrate−adsorbate and adsorbate−
adsorbate interactions on an equal footing to substrate−
substrate interactions to study the thermodynamics in alloyed
NPs and changes induced by adsorbates, including reversal of
core−shell preference.
For adsorbate-induced changes in nanoalloy conﬁgurations,
we study PdRh NPs.21,22 These alloys are important for
environmental and energy-saving technology, as part of the
three-way catalysts in automobile converter.23,24 PdRh NPs
have been found to oﬀer enhanced catalytic activity for CO
oxidation,10 NO reduction25 and also Suzuki cross-coupling
reaction26 for organic molecule synthesis to bridge heteroge-
neous and homogeneous catalysis by varying size, shape, and
composition. The improved catalytic properties have been
attributed to many eﬀects, such as new electronic states from
alloying, Pd−Rh interfaces, and segregation behaviors induced
by substrate and adsorbate. Among them, segregations induced
by reaction condition were studied on thin ﬁlms27 and, more
recently, on NPs to show a core−shell reversal8,9 induced by
adsorbates.
Here, to enable a quantitative description of the relation
between core−shell behavior and O-coverage, we study the
thermodynamics of O adsorption on a 55-atom cuboctahedral
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core−shell NPs versus Rh composition and O-coverage (up to
a monolayer) and compare with in situ AP-XPS data.8,9 We ﬁnd
that only core−shell NPs with compositions near 50% Rh have
the core−shell reversal induced by O-coverage due to NP
geometric size eﬀect, agreeing with observation.9 The simulated
shell concentration of Rh in the small Pd0.5Rh0.5 NP across the
same eﬀective O-coverage range also agrees with the
experimental data on large NPs, reﬂecting the same origin
from the relative strength of metal−O to metal−metal
interactions.8 Our study also reveals the detailed site
occupations as functions of both the overall composition and
O-coverage, providing design information for nanoalloy
catalysts, especially the thermodynamically stable active sites
under working conditions.
Computational Methods. The CE coupled with DFT
calculations, proven enormously successful for bulk alloys,28−37
has been recently extended to study the conﬁgurational
thermodynamics of bare alloyed NPs without adsorbates,38−43
such as to ﬁnd the stable conﬁgurations of AgAu NPs39 as
multicore−shell and design PdPt NPs40 for hydrogen evolution
reaction. Notably, core−shell preferences of bare alloyed NPs
without adsorbates exhibit a universal behavior that can be
understood from impurity segregation energies44 − determined
by only cohesive energy (reﬂecting d-band ﬁlling) and atomic
radius (reﬂecting d-bandwidth).
Within CE, any physical quantity as a function of
conﬁgurational variables on ﬁxed lattices can be expanded in
the basis of a series of cluster correlation functions.19 Here, for
a system with two coupled lattices of nonexchangeable
conﬁgurations, we expand the formation energy as
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where Θαβ(σ,δ) = Φα(σ)Ψβ(δ) are the products of cluster
correlation functions on two coupled lattices and Vαβ are the
corresponding eﬀective cluster interactions (ECIs) to be
determined via structural inversion and cluster selection.45
Because the orthogonality of primitive basis functions is always
preserved in the construction of high-dimensional vector space
by outer (tensor) products, a coupled lattice with nonexchang-
ing species that works for ionic systems20 will also work for
adsorbates on alloyed surfaces46,47 and NPs. The second line is
explicitly for a binary alloy substrate with one type of adsorbate,
using site-occupation variables, σi or δi, equal 1 (0) if site i is
occupied (not occupied). The ECIs for substrate, adsorbate and
coupled clusters are denoted with superscript S, A, and C,
respectively. As extended here, the CE enables coverage-
dependent studies on the thermodynamics of alloyed NPs and
surfaces with adsorbates.
The formation energy per site (Ef) for the PdRh NPs with O-
coverage is deﬁned as
=
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which is calculated from the DFT total energies of the
adsorption system (Etot) referenced to NPs of pure Pd (EPd)
and Rh (ERh) as well as O2 (EO2). The NS, NA, nRh, and nO is the
number of all the substrate, adsorbate sites, Rh, and O atoms,
respectively. We should also deﬁne the overall Rh composition
as cRh = nRh/NS, the shell (core) concentration of Rh as cRh
shell =
nRh
shell/NS
shell (cRh
core = nRh
core/NS
core) and O-coverage as θ = nO/NS
shell,
where NS
shell (NS
core) is the number of shell (core) sites in the
substrate.
Figure 1 shows the nonexchangeable coupled lattices to
address O adsorption on a cuboctahedral alloyed PdRh NP (NS
= 55, NA = 104, NS
shell = 42 and NS
core = 13). The Oh symmetry
greatly reduces the number of symmetry unique types of site
(or 1-body ECIs) required. As shown in Figure 1a, there are
ﬁve and four types in the substrate and adsorbate lattices,
respectively. An bridge-fcc (brf) site is on the edge of the NP,
which can be viewed as bridge (brg) or fcc site from the
perspective of {100} or {111} facet, respectively. The 4-fold
hollow site on {100} facet is not included because its O binding
strength is weaker than the neighboring brf site within a short
distance and will experience destabilizing O−O repulsion, once
the brf is occupied. Similarly, we exclude other O conﬁgurations
and the corresponding clusters containing adsorbate sites
having distances below (1/2)a,̅ half the averaged bulk lattice
constant of Pd and Rh. This exclusion is appropriate because
the shortest O−O distance in the full monolayer coverage is
(√2/2)a,̅ and we are only interested in coverage up to 40 O,
slightly less than the full monolayer. From a pool of 9 1-body,
96 2-body, and 403 3-body clusters, an optimally truncated CE
is selected via a leave-one-out cross-validation (CV-1) score.
We search for groundstates (GSs) and optimize CE
simultaneously in an iterative approach by thermal annealing
with MC simulation and DFT veriﬁcation round-by-round. For
the CE in such a heterogeneous system, we develop a new
strategy to ﬁt the ECIs via a two-step approach that accounts
for the relative strength of the interactions, yielding CE sets
with small prediction errors and fast convergence to the GSs.
The speciﬁcs of ﬁtting heterogeneous sets of ECIs for NP with
Figure 1. CE distinctive 1-body or symmetry inequivalent sites in the
(a) substrate and (b) adsorbate sublattices of a 55-atom cuboctahedral
NP with 104 adsorption sites. The substrate sites are composed of ﬁve
types: 1 central-core, 12 s-core, 6 100-center, 12 corner, and 24 edge
sites. The adsorbate lattice has four diﬀerent types: 8 fcc, 48 brf, 24
brg, and 24 hcp sites. The sites are numbered and color-coded to show
the nine inequivalent sites due to Oh symmetry: central-core (1),
second-core (2), 100-center (3), corner (4), and edge (5) substrate
site, along with fcc (6), brf (7), brg (8), and hcp (9) adsorption site.
Nano Letters Letter
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adsorbates, computational details for DFT calculations with
Vienna Ab initio Simulation Package (VASP)48,49 and MC
simulations are provided in the Supporting Information.
Results and Discussion. Nanoalloy Stability and
Groundstates. For Pd−Rh−O NPs, after ﬁve rounds of CE
ﬁtting using a thermal-annealing GS search with DFT
veriﬁcation, no new GSs are found. The CV-1 score is 0.77
and 1.42 meV for the metal−metal and all ECIs, respectively.
Figure 2 shows the GS hull versus nRh at selected O-coverages
(nO = 0, 10, 20, 30 and 40) for CE ﬁtting, and one O-coverage
(nO = 24) for validation. Representative GS conﬁgurations are
presented in Figure 3 to show the site preferences. The other
validating O-coverage (nO = 12) is shown in Supporting
Information Figure.S1. The improvement can also be seen in
the decreasing mean absolute error (MAE) in predicting new
structural energies in Supporting Information Figure.S2. The
improvement from the ﬁrst three rounds is signiﬁcant, but ﬁve
rounds are needed for proper details to reach a MAE below 2
meV.
At zero O-coverage (nO = 0), as seen in Figures 2a and 3a,
PdRh NP has a simple alloying behavior and strong Rh-core/
Pd-shell preference. With increasing nRh, Rh ﬁrst occupies the
Figure 2. Ground-state hulls with DFT-evaluated Ef as a function of Rh composition, cRh. R1 to R5 refers to predicted GS conﬁgurations from each
of the ﬁve rounds of CE plus thermal annealing. The O-coverages are (a) 0, (b) 10, (c) 20, (d) 24, (e) 30, and (f) 40. Selected GS conﬁgurations are
shown in Figure 3.
Nano Letters Letter
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central-core site followed by the second-core sites to form the
perfect core−shell NP, and then the {100}-center site in the
shell, denoted by the GSs at nRh = 13 and 19.
At nO = 10 (Figures 2b and 3b), a single Rh atom prefers the
corner site in the shell (as opposed to the central-core site at nO
= 0) and binds to two O at the brf sites; the other O also bind
to the corner Pd atom in pairs but with each sitting on hcp site
across the corner Pd. As nRh increases, more Rh stays in the
shell to bind with O; in Pd46Rh9O10, each Rh binds to two O,
forming a “half-ring” around the NP. For nRh > 9, Rh starts to
occupy the core sites; in Pd33Rh22O10, core sites are fully
occupied by Rh, while the Rh−O ring in the shell persists.
Upon further increase in composition, extra Rh occupies the
shell again and the Rh−O ring breaks up to accommodate more
Rh. For the Rh-rich Pd13Rh42O10, the favorable O adsorption
site to Rh is also the hcp site, where a pair of O binds on the
Figure 3. Selected conﬁgurations on the GS hull (Figure 2) at diﬀerent O-coverages: (a) 0, (b) 10, (c) 20, (d) 24, (e) 30, and (f) 40. Blue, brown,
and red spheres indicate Pd, Rh, and O, respectively.
Nano Letters Letter
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{111} facets across the corner Rh. Comparing to the most
stable Pd36Rh19 for bare NP at −0.032 eV/atom, Ef starts at
−0.090 eV/atom for Pd55O10, and reaches −0.162 eV/atom for
Pd13Rh42O10 at the bottom of the GS hull.
At nO = 20 (Figures 2c and 3c), the neighboring hcp sites on
the same {111} facet become occupied for the Rh-poor
Pd53Rh2O20. A new conﬁguration for Rh−O appears, where Rh
at the edge site binds to three O, two hcp sites on the same
{111} facet and one brg site on the neighboring {100} facet for
maximizing the favorable Rh−O interaction. As nRh increases,
more Rh ﬁrst stay at the edge and corner sites in the shell as in
Pd47Rh8O20, then go into the core as in Pd31Rh24O20, until the
whole core region is ﬁlled with Rh as in Pd20Rh35O20.
At nO = 24, whose DFT energies are not included into the
training data set for CE, the convergence of the GSs in Figure
2d is a proof that our optimal ECIs ﬁtted from the selected O-
coverages are also good for other O-coverages. The behavior in
site occupation is similar to nO = 20. Compared to Pd31Rh24O20
with the same nRh, Pd31Rh24O24 has no second-core site
occupied by Rh, demonstrating that an increasing O-coverage
tends to reverse the core−shell preference of the bare NP.
At nO = 30 (Figures 2e and 3e), all 24 hcp on {111} facets
and 6 brg sites (one on each {100} facet) are occupied for
Pd55O30 and Rh55O30. For alloyed PdRh NPs with nRh = 6 or
less as in Pd51Rh3O30, this GS conﬁguration of O persists,
because Rh solute prefers to bind to two O at hcp sites and one
O at brg site. With nRh > 6, some hcp sites become unoccupied
to accommodate more O, because each unoccupied hcp site
gives way to the occupation of the adjacent brf and brg sites.
As the O-coverage approaches one monolayer, more hcp
sites will be unoccupied in exchange for O binding to brf and
brg sites. When the three hcp sites on a {111} facet become
empty, the fcc site becomes a favorable O adsorption site. At nO
= 40, for the Rh-poor Pd54Rh1O40, O occupies all the fcc sites
and some brf and brg sites, leaving hcp sites empty (see Figure
3f). But in general, the GS at such high O-coverage is a mixture
of all four types of adsorption sites. For Pd15Rh40O40, all 40 Rh
now stay in the shell and the core is purely Pd. Indeed, a total
core−shell reversal can be induced by increasing O-coverage.
Eﬀective Cluster Interactions. We plot the ECIs from the
optimal CE in Figure 4. Among the nine 1-body ECIs, the ﬁrst
ﬁve are for substrate sites. The ECIs for central-core and
second-core sites are negative with the central-core being the
most favorable for Rh. The 1-body ECIs for the shells sites are
all positive with magnitude (energy cost) increasing with the
decrease in nearest neighbor (NN) metal coordination. The
ﬁrst pair ECIs among substrate sites are all negative, favoring
alike NN atoms. So without O, the PdRh NPs have a strong
preference for Rh-core and Pd-shell, explaining the GS in
Figure 3a. The other four 1-body ECIs are for the adsorbate
sites and are all strongly negative; hcp site is the most favored,
followed by brg, fcc, and brf sites. The magnitudes of the 1-
body adsorbate ECIs are larger than those for substrate sites,
showing that metal−O are much stronger than metal−metal
interactions.
Among the 2-body ECIs shown in Figure 4a, the ﬁrst pair
ECIs for the coupled interactions between metal and O are
dominant and strongly negative. This means that the Rh−O
interactions are stronger than Pd−O. As seen in Figure 4b, the
ﬁrst coupled 2-body ECIs are stronger for brf site (indices 2
and 3), than brg (4 and 5), hcp (10 and 11), and fcc (12) sites.
This adds favorability to the brf site for O adsorption with Rh
atom when compared to the hcp site, which is the most favored
site for 1-body ECI. The positive 2-body ECIs among
adsorbates reﬂect the O−O repulsion (indices 13, 14, 15 and
16), while those negative ones correspond to the ECIs across
the metal atom (40, 41, and 49), which explains the appearance
of a pair of O binding across metal atom in the GSs. The 3-
body coupled ECIs are mostly positive, showing the repulsion
and the competition for metal atoms among neighboring O.
Lastly, the adsorbate ECI for two NN hcp sites is repulsive
while that for three NN hcp sites is weakly attractive. These
features of the ECIs explain well the GS conﬁgurations in
Figure 2 and 3.
Monte Carlo Simulations Compared to Experiment. Using
the optimal ECIs, we can evaluate structural energies accurately
for a huge number of conﬁgurations needed in MC simulations
to study the conﬁgurational thermodynamics of O-covered
PdRh NPs. Speciﬁcally, we study the observed reversal of core−
Figure 4. Optimized ECIs of (a) 1-, 2-, and 3-body with selected ones shown in (b). No data are shown for the indices of the excluded ECIs due to
very short distances. ECIs among substrate (S), adsorbate (A), and the coupled (C) are indicated in blue squares, red triangles, and black circles,
respectively. Indices for 1-body ECIs are illustrated in Figure 1.
Nano Letters Letter
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shell preference induced by O-coverage in PdRh NPs.
Qualitatively, it is easy to understand the reversal is due to
the stronger Rh−O than Pd−O interactions. As O-coverage
increases, more Rh will move to shell and, beyond a certain O-
coverage, Rh becomes the majority species in the shell.
However, to design an alloyed NP catalyst under working
conditions, our MC simulations with DFT-derived ECIs
provide quantitative predictions.
At 583 K, we plot in Figure 5a the Rh shell concentration,
cRh
shell, as functions of the overall cRh and O-coverage, θ. Clearly,
the coverage-composition map is divided by the 50−50
boundary into two regions. In the Pd-rich (Rh-rich) region
on the left (right), the shell is always Pd-rich (Rh-rich),
regardless of the O-coverage. The core−shell reversal only
happens in the range of cRh = 0.4−0.6, or around Pd0.5Rh0.5.
Given the opposite strong core−shell preferences with and
without O-coverage for PdRh NPs, the size of this transition
zone across cRh is due to a NP geometric size eﬀect (see
Supporting Information). For the large PdRh NPs with a
diameter of 15 ± 2 nm in the in situ AP-XPS experiments,8,9
the boundary is at cRh = 0.05 (0.95) for high (low) O-coverage.
The black curve in Figure 5a is drawn as the boundary for the
15 nm NP by keeping the same slope in the core−shell reversal
transition zone, because this slope is determined by the relative
strength of metal−O to metal−metal interactions and temper-
ature (see Supporting Information).
In experiments,8,9 the 15 nm NPs are in a gas pressure of 0.1
Torr for diﬀerent chemical conditions, where the surface metal
oxides start to form. The AP-XPS probes 0.7 nm deep into the
surface. Tao et al. have also reported the percentage of metal
oxides in the shell region of the Pd0.5Rh0.5 NP in reducing and
oxidizing conditions, along with metal concentration.8 Without
taking the detailed structure of the surface metal oxides, we
extract the ratio of O versus metal as the renormalized eﬀective
O-coverage. Our MC simulations give the shell enrichment of
Rh induced by the changes in such eﬀective O-coverage, not for
the absolute gas pressure. The range of the eﬀective O-coverage
from 0.43 to 0.78 and the three NP compositions at cRh = 0.2,
0.5, and 0.8 in experiment are shown as dashed lines in Figure
5a.
On the Rh-rich side, at cRh = 0.8 the 15 nm NP does not
experience core−shell reversal as observed, unless going to
lower O-coverages or more reducing conditions. On the Pd-
rich side, at cRh = 0.2 the 15 nm NP should have the core−shell
reversal according to this analysis, but it was not observed. Note
that the eﬀective O-coverage range is derived from the
Figure 5. (a) From MC simulations at 583 K, the shell concentration of Rh, cRh
shell, across overall Rh composition, cRh, and O-coverage, θ. Horizontal
dashed lines are the eﬀective θ (from 0.43 to 0.78) extracted from experimental data (ref 8), and the vertical dashed lines are the cRh used in the
experiment (0.2, 0.5, and 0.8). Black curve stands for the 50−50 boundary of cRhshell for a 15 nm NP (see Supporting Information). (b) cRhshell for
Pd27Rh28 NP versus θ compared to experimental data (ref 8), (c) lowest-energy conﬁgurations for Pd27Rh28 NP with selected O-coverage, and (d)
Rh concentration diﬀerence between shell and core, cRh
shell−cRhcore. Dashed (dotted) line in (b) is from simulations when the optimal O-related ECIs are
changed by a factor of 0.7 (1.3).
Nano Letters Letter
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experimental data on the NPs at cRh = 0.5. For the Pd-rich (Rh-
rich) side with the same gas pressure, the coverage will be lower
(higher) due to the weaker Pd−O bonds than Rh−O. This will
move the range away from the 50−50 boundary.
For the core−shell reversal at cRh = 0.5, our MC-predicted
cRh
shell of the Pd27Rh28 NP versus θ agrees very well with the
experimental data, see Figure 5b. Four GS atomic conﬁg-
urations with selected O-coverages from low to high (nO = 10,
20, 30, and 40) are shown in Figure 5c. The experimental data
in the oxidizing condition is with O2. The data in the reducing
condition is with NO + CO, where CO reduces the dissociated
NO to form CO2 and N2. So, the surface coverage of N is small
and we can compare to our MC simulation. For the other
oxidizing condition with NO instead of O2, there is a
considerable coverage of N. Because the adsorbed N can
change the metal core−shell compositional proﬁle due to the
diﬀerent metal−N and metal−O bond strengths, we cannot
compare that to our present results which do not include N.
The agreement in Figure 5b at multiple instances is not
coincidental: the transition zone depends critically on the
relative strength in metal−metal, metal−O, and O−O
interactions. If we change the magnitudes of the ECIs that
involve O to be 30% less (more), it will change the position
where the core−shell reversal happens; see the dashed (dotted)
lines in Figure 5b.
To account for the NP size eﬀect on the metal−O and
metal−metal interactions, we estimate the strength of such
interactions with the single-site conﬁguration-weighted segre-
gation energy and the O-adsorption energy diﬀerence, which
are the thermodynamic driving forces for the opposite core−
shell preference, for diﬀerent NP sizes (see Supporting
Information). Because the thermodynamic driving forces both
increase with decreasing NP size, the ratio between them
actually has a much less variation (last column in Supporting
Information Table S1). This explains why the simulated Rh
shell concentrations from our small NP at the same eﬀective O-
coverage range can reproduce the experimental data on the
large NPs.
Figure 5d shows the core−shell preference for Rh deﬁned as,
cRh
shell−cRhcore, reﬂecting Rh preference for the shell over core as a
function of cRh and O-coverage. For a ﬁxed cRh at low O-
coverage, negative cRh
shell−cRhcore means the majority of Rh prefer to
stay in the NP core due to the larger surface energy and smaller
atomic size than Pd. With increasing O-coverage, stronger Rh−
O bonding (over Pd−O) draws Rh from the core to the shell,
switching the sign of cRh
shell−cRhcore. For a ﬁxed O-coverage, at small
cRh, positive cRh
shell−cRhcore means Rh tends to segregate to the NP
shell to form stronger Rh−O bonds. But as cRh increases and
available O are all consumed, the extra Rh will go into the core
region. Then, to make the shell a more favorable place for Rh
than the core a higher O-coverage is needed but the
relationship is not quite linear.
Conclusions. We have extended the CE formalism of
nonexchangeable coupled lattices to treat alloyed NPs with
adsorbates to study heterogeneous nanocatalysts in operational
conditions, including core−shell reversal induced by adsorbates.
For the CE in the heterogeneous system, we also develop a
new, two-step strategy to obtain eﬀective cluster interactions
that account for the relative strength of interactions and yield
small prediction errors and fast convergence. The DFT-derived
interactions ﬁtted at the selected adsorbate-coverages across the
metal composition are shown to be good at all coverages and
compositions. Using these interactions with Monte Carlo
simulated annealing, we have studied the conﬁgurational
thermodynamics of a 55-atom cuboctahedral PdRh NP versus
Rh composition and up to a monolayer O-coverage. We ﬁnd
that core−shell NPs only around 50% Rh experience a core−
shell reversal induced by O-coverage due to the geometric size
eﬀect. The simulated shell concentrations of Rh in the small
Pd0.5Rh0.5 NP across the same eﬀective O-coverage range agree
with the experimental data on large NPs, reﬂecting the same
origin for core−shell reversal, that is, the relative strength of
metal−O, metal−metal, and O−O interactions. The new
computational capability reveals detailed site occupations as
functions of nanoalloy composition and adsorbate-coverage,
providing direct design information for nanoalloy catalysts
under operating conditions.
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